Background. Bacteremia caused by extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae (ESBL-E) is associated with inadequate empirical therapy and substantial mortality in neutropenic patients. Strategies are needed to identify neutropenic patients at high risk of these infections.
of developing ESBL-E bacteremia could be empirically treated with an anti-pseudomonal cephalosporin or β-lactam/β-lactamase inhibitor (BL-BLI). We hypothesized that screening the gastrointestinal tract to identify patients colonized with ESBL-E could identify HSCT recipients at high risk of developing ESBL-E bacteremia.
METHODS

Study Population and Sample Collection
This prospective observational study was conducted at an 862-bed New York City hospital and included adult patients (≥18 years old) admitted for autologous or allogeneic HSCT from April 2014 to September 2016. The study was approved by the Institutional Review Board of Weill Cornell Medicine with a waiver of informed consent. All patients were located on a HSCT unit in single-occupancy rooms during their transplant admission. Levofloxacin prophylaxis was initiated 1 day prior to receipt of stem cells. In the setting of fever and neutropenia, at least 2 sets of blood cultures were collected, levofloxacin was discontinued, and an anti-pseudomonal β-lactam agent, most commonly piperacillin-tazobactam, was administered. For each patient, we collected data on patient demographics, malignancy and transplant characteristics, prior antimicrobial exposures, and history of colonization or infection with multidrug-resistant bacteria. We also recorded all episodes of fever and neutropenia and any BSIs associated with these episodes. Any Enterobacteriaceae that were isolated from these patients' blood cultures were stored at -80°C for subsequent analysis.
Perianal swabs were collected on admission for transplant and weekly thereafter until hospital discharge. Perianal flocked BD Eswabs (Becton Dickinson, Franklin Lakes, NJ) were collected by either the patient or the nursing staff. Patients who did not have a swab collected before their transplant or who were discharged prior to neutrophil recovery were excluded. Any ceftriaxone-resistant Enterobacteriaceae (CRO-R-E) that were isolated from these swabs were reported in the medical record to the patient care team. Patients found to be colonized with CRO-R-E were placed on contact precautions with gown and gloves.
Microbiologic Analysis
Perianal swabs were vortexed and 100 μL of Amies liquid was inoculated onto HardyCHROM ESBL or carbapenem-resistant enterobacteriaceae chromogenic agar plates (Hardy Diagnostics, Santa Maria, CA). These plates were incubated at 37°C for 48 and 24 hours, respectively. Colonies identified after incubation on either plate were subcultured onto BD Trypticase soy agar II plates (Becton Dickinson, Franklin Lakes, NJ) and incubated overnight. The next day, colonies from these plates were identified and underwent antimicrobial susceptibility testing using the Microscan Walkaway plus System (Panel NM42, Beckman Coulter, Inc., Brea, CA). Etest strips (bioMérieux, Durham, NC) were used on all CRO-R-E to obtain susceptibilities to ceftolozane-tazobactam and ceftazidime-avibactam. Interpretive criteria of the Clinical and Laboratory Standards Institute were applied [12] .
All CRO-R-E isolated from perianal swabs or blood cultures underwent phenotypic testing for ESBL production, using cefotaxime and ceftazidime discs, with and without clavulanate [12] . Furthermore, these isolates underwent testing by molecular beacon probes in a real-time PCR assay for the following β-lactamase genes, followed by Sanger sequencing: bla KPC , bla OXA-48 , bla VIM , bla IMP , bla NDM , bla CTX-M (groups 1, 2, 9, 8/25), bla CMY1/MOX , bla CMY2/LAT/CEF , bla ACT/MIR , bla DHA , bla TEM (wildtype and mutants 104K, 164S, 164H, 164C, 238S, 240K), and bla SHV (wildtype and mutants 156D, 238S, 240K) [13] .
For patients who had a perianal swab and a blood culture that grew CRO-R-E, their swab and bloodstream isolates underwent multilocus sequence typing (MLST) to assess the genetic relatedness of these paired strains [14] . Pulsed-field gel electrophoresis (PFGE) was also performed on these isolates using the Xba1 restriction enzyme [15] . Salmonella enterica subsp. enterica serovar Braenderup (ATCC BAA-664) was used as a DNA size marker.
Definitions
ESBL producers were defined as CRO-R-E that displayed ESBL production phenotypically and did not harbor a carbapenemase gene. ESBL acquisition was defined as any patient who did not have a swab that yielded ESBL-E prior to HSCT, but had a subsequent swab that yielded ESBL-E after transplantation. Fever and neutropenia (FN) was defined as a temperature ≥38°C with a concurrent absolute neutrophil count ≤500 cells/ mm 3 . Coagulase-negative staphylococci and other common skin commensals were only considered causes of BSI if isolated from 2 separate sets of blood cultures.
Statistical Analyses
We first determined the proportion of patients who were colonized with CRO-R-E and ESBL-E prior to HSCT. Factors associated with pre-transplant ESBL-E colonization were assessed by comparing characteristics of patients colonized with ESBL-E to those not colonized with CRO-R-E, using Fisher's exact or chi-square tests for categorical variables and the Wilcoxon rank-sum test for continuous variables. We then compared the cumulative incidence of developing ESBL-E bacteremia during the transplant admission, as well as the incidence and etiologies of FN and BSI, initial empirical therapies for FN, and transplant outcomes in patients with and without pre-transplant ESBL-E colonization. Finally, we assessed the risk of ESBL-E acquisition in patients who were not initially colonized with ESBL-E during their transplant admission. For this acquisition analysis, we only included patients who had a subsequent swab collected within 1 week of neutrophil recovery. STATA, version 12.0 (StataCorp, College Station, TX) was used for statistical analyses and P values ≤0.05 (2-tailed) were considered statistically significant.
RESULTS
Patients and Pre-transplant Colonization Status
Of 373 patients who received a HSCT during the study period, 312 (84%) were eligible for analysis, including 212 allogeneic and 100 autologous HSCT recipients ( Figure 1 ). The median patient age was 58 years and the most common underlying malignancies were acute myeloid leukemia (36%), multiple myeloma (19%), and non-Hodgkin's lymphoma (19%; Table 1 ). The median duration of neutropenia was 10 days (interquartile range: 8-14 days). Most (92%) pre-transplant perianal swabs were collected prior to the initiation of levofloxacin prophylaxis. Prior to transplant, 41 (13%) HSCT recipients were colonized with CRO-R-E (allogeneic: 15%; autologous: 10%) and 31 (10%) were colonized with ESBL-E (allogeneic: 10%; autologous: 9%; Figure 1 ). Middle Eastern ethnicity (P = .05) and myelodysplastic syndrome or myeloproliferative disorder (P = .03) were the only variables associated with pre-transplant ESBL-E colonization ( Table 1) . Of the 31 patients colonized with ESBL-E prior to transplantation, only 2 (6%) had a previously positive culture for CRO-R-E.
Microbiologic Characteristics of Pre-transplant Colonizing CRO-R-E
There were 32 ESBL-E among the 31 patients colonized prior to transplantation, of which 28 were Escherichia coli and 4 were Klebsiella pneumoniae ( Table 2) . Of these 32, 29 (91%) ESBL-E were CTX-M-producers, of which CTX-M-15 was most common (n = 18). Co-production of non-ESBL β-lactamases was present in 16 of the ESBL-E (50%), with TEM-1 being the most common. Of the 10 non-ESBL CRO-R-E, 6 were AmpCproducers, 3 produced K. pneumoniae carbapenemase (KPC), and 1 did not have a CRO resistance mechanism identified.
The antimicrobial susceptibilities of the 32 colonizing ESBL-E to recommended agents for fever and neutropenia were as follows (Table 3) : cefepime, 9%; ceftazidime, 13%; piperacillin-tazobactam, 84%; meropenem, 97%; ceftolozane-tazobactam, 88%; and ceftazidime-avibactam, 100%. Only one-fourth of the ESBL-E were levofloxacin-susceptible.
Risk of ESBL-E Bacteremia Stratified by Pre-transplant Colonization Status
Of 31 patients colonized with ESBL-E pre-transplant, 10 (32%) developed ESBL-E bacteremia while neutropenic during their transplant admission, compared to 1 (0.4%) of 281 patients without pre-transplant ESBL-E colonization (P < .001; Figure 1 ). ESBL-E bacteremia developed in 8 (36%) of the 22 colonized allogeneic HSCT recipients and 2 (22%) of the 9 colonized autologous HSCT recipients. Among patients with pre-transplant ESBL-E colonization, all ESBL-E bacteremias occurred in patients colonized with levofloxacin-resistant CTX-M-producing E. coli. In fact, the risk of ESBL-E bacteremia was 42% (10/24) in such patients. The antimicrobial susceptibility profiles of each of the 10 pairs of colonizing and bloodstream ESBL-E were nearly identical, with identical susceptibility interpretations for at least 24 of 25 tested antimicrobial agents for all pairs. The genetic analysis demonstrated that all 10 pairs had identical MLST patterns and ESBL genes ( Figure 2 ). Furthermore, >95% genetic similarity was observed by PFGE ( Figure 2 ). Conversely, there was significant genetic Figure 1 . Flow diagram of patients included in the study and their risk of ESBL-E bacteremia, stratified by colonization status. Abbreviations: CRO-R-E, ceftriaxone-resistant Enterobacteriaceae; ESBL-E, extended-spectrum β-lactamase-producing Enterobacteriaceae; HSCT, hematopoietic stem cell transplantation. Values are expressed as number (% of total) or median (interquartile range).
Table 1. Characteristics of Patients Colonized With Extended-spectrum β-lactamase-producing Enterobacteriaceae (ESBL-E); Colonized With Non-ESBL, Ceftriaxone-resistant Enterobacteriaceae (CRO-R-E); and Not Colonized With CRO-R-E Prior to Hematopoietic Stem Cell Transplantation
Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ASBMT RFI, American Society of Bone Marrow Transplant Request for Information; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; CRO-R-E, ceftriaxone-resistant Enterobacteriaceae; ESBL, extended-spectrum β-lactamase; ESBL-E, ESBL-producing Enterobacteriaceae; GVHD, graft-versus-host disease; MDR, multidrug-resistant; MDS, myelodysplastic syndrome; MPD, myeloproliferative disorder; N/A, not applicable; VRE, vancomycin-resistant enterococci. a We defined an organism as an ESBL producer if the addition of clavulanate to cefotaxime or ceftazidime led to a ≥5 mm increase in disc diffusion zone diameter and no carbapenemase genes were detected [12] . b Comparison of characteristics of patients colonized with ESBL-E to those of patients not colonized with CRO-R-E.
c BEAM refers to carmustine, etoposide, cytarabine, and melphalan.
d Patients were not routinely screened for CRO-R-E or VRE prior to their admission for HSCT.
heterogeneity of ESBL-E among the majority of patients, arguing against a clonal origin of these bacteria (Figure 2 ). The patient who was not initially colonized with ESBL-E but developed ESBL-E bacteremia had a subsequent swab collected 2 days after transplantation that yielded ESBL-E and became bacteremic 4 days later. One patient who had pre-transplant colonization with an ESBL-producing E. coli developed a BSI caused by KPC-producing K. pneumoniae. Of the 6 patients colonized with AmpC-producing Enterobacteriaceae pre-transplant, none developed a subsequent BSI due to these organisms. One of the 3 patients colonized with KPC-producing K. pneumoniae developed subsequent BSI due to this organism.
Incidence of Fever and Neutropenia and Etiologies of Bloodstream Infections Stratified by Pre-transplant Colonization Status
Fever and neutropenia (FN) occurred in 22 (71%) of 31 patients colonized with ESBL-E pre-transplant, compared to 150 (53%) of 281 patients not colonized with ESBL-E pre-transplant (P = .06; Table 4 ). Patients colonized with ESBL-E were more likely to receive a carbapenem as initial empirical therapy for FN than patients not colonized with ESBL-E. The first episode of FN was associated with BSI in 55% of patients colonized with ESBL-E, compared to 28% in patients not colonized with ESBL-E (P = .01). Of the 12 BSIs associated with the first FN episode in patients with pre-transplant ESBL-E colonization, 9 were caused by their colonizing ESBL-E strain, 2 were caused by CRO-susceptible E. coli, 1 was caused by KPC-producing K. pneumoniae, and 0 were caused by Gram-positive bacteria. Gram-negative bloodstream isolates from patients colonized with ESBL-E were less likely to be susceptible to aztreonam, cefepime, ceftazidime, ceftriaxone, gentamicin, and tobramycin than those from patients without ESBL-E colonization (Supplementary Table) . There was no significant difference in time to administration of an antimicrobial agent to which the bloodstream isolate was susceptible in patients colonized and not colonized with ESBL-E.
Risk of Acquisition of ESBL-E During the Transplant Admission and Transplant Outcomes
Of the 281 patients who were not initially colonized with ESBL-E, 248 (88%) were eligible for the acquisition analysis. Of those, 8 (3.2%) acquired ESBL-E during their transplant admission; the acquisition rates were similar in recipients of allogeneic (6/172; 3.5%) and autologous transplants (2/76; 2.6%). All but 1 of the acquired ESBL-E were levofloxacin-resistant. In patients with and without pre-transplant ESBL-E colonization, there were no significant differences in mortality rate during the transplant admission (6% vs. 2%, P = .15), 100-day mortality rate (10% vs. 7%, P = .55), or the proportion of allogeneic HSCT recipients who developed graft-versus-host disease (47% vs. 36%, P = .30).
DISCUSSION
In this single-center study of 312 HSCT recipients, we found that 10% of patients were colonized with ESBL-E prior to their transplant. Nearly one-third of patients with pre-transplant 
Organism Type
No. Other non-ESBL β-lactamases were TEM-1 (n = 12), TEM-1 and SHV-11 (n = 2), and CMY-6 and CMY-70 (n = 1, for each). The AmpC-producing isolates were Escherichia coli (n = 4), Citrobacter freundii, and Enterobacter cloacae (n = 1, for each). ESBL-E colonization developed subsequent ESBL-E bacteremia while neutropenic after their transplant, compared to <1% of patients who were not initially colonized with ESBL-E. Furthermore, the bloodstream and gastrointestinal ESBL-E had identical MLST and PFGE profiles in all cases, suggesting that these patients developed bacteremia from their colonizing isolates. All patients in this study received levofloxacin prophylaxis and, importantly, ESBL-E bacteremia only occurred in patients colonized with levofloxacin-resistant ESBL-E. The rate of ESBL-E bacteremia found in this study in HSCT recipients colonized with ESBL-E (32%) is greater than the risk reported in prior studies that evaluated patients with hematologic malignancies. Analyses of patients with hematologic malignancies from 3 European studies reported ESBL-E bacteremia rates of 2-7% in colonized patients [16] [17] [18] and 1 study from Mexico reported a 22% risk of ESBL-E bacteremia [19] . In addition to only evaluating HSCT recipients, a critical difference between our study and these prior reports is that our patients received levofloxacin prophylaxis, whereas antibacterial prophylaxis was not routinely administered in these other studies. We found that only patients colonized with levofloxacin-resistant ESBL-E developed subsequent ESBL-E bacteremia, and that ESBL-E represented the vast majority of BSIs in these patients. We hypothesize that levofloxacin prophylaxis eradicated other enteric bacteria, which led to intestinal domination by levofloxacin-resistant ESBL-E, and that this state led to translocation of ESBL-E into the bloodstream during chemotherapy-induced neutropenia and mucositis. This model has been demonstrated with vancomycin-resistant enterococci in HSCT recipients [20] . We believe that our findings warrant additional investigations to evaluate the role of fluoroquinolone prophylaxis in neutropenic patients who are colonized with fluoroquinolone-resistant ESBL-E and to identify optimal infection prevention strategies in such patients.
ESBL-producers 32
Escherichia coli 28
Klebsiella pneumoniae
The high rate of ESBL-E bacteremia in colonized patients is clinically important, because almost all of these organisms were resistant to anti-pseudomonal cephalosporins, which are recommended empirical therapies for fever and neutropenia [6] . Colonized neutropenic patients who develop cephalosporin-resistant ESBL-E bacteremia and are treated empirically with cephalosporins while awaiting culture results are likely to have poor clinical outcomes. In contrast to cephalosporins, 84% of ESBL-E were susceptible to piperacillin-tazobactam, another recommended agent for fever and neutropenia [6] . Despite this high rate of in vitro susceptibility to piperacillin-tazobactam, carbapenems have been considered the treatments of choice for ESBL-E bacteremia in neutropenic patients [6] . In a study of hospitalized patients, empirical therapy with piperacillin-tazobactam for ESBL-E bacteremia was associated with a 2-fold increased risk of death compared to empirical therapy with a carbapenem [21] . Although a recent study demonstrated similar outcomes in neutropenic patients treated with BL-BLIs compared to carbapenems, relatively few patients received BL-BLIs in this study, and thus it had limited statistical power to detect a difference between therapies [22] . Thus, we believe that carbapenems remain the optimal initial therapy for fever and neutropenia in neutropenic patients who are at high risk of ESBL-E bacteremia, such as patients colonized with ESBL-E in our study.
We are not aware of any prior studies that reported the prevalence of ESBL-E colonization prior to HSCT. However, the initial ESBL-E colonization rate of 10% in this study is similar to the 11-17% admission ESBL-E colonization rates that have been reported from Europe in patients with hematologic malignancies [16] [17] [18] . We did not find any association between ESBL-E colonization on admission for HSCT and recent antibacterial exposures, recent hospitalizations, or prior infection with multidrug-resistant bacteria. In fact, almost all patients found to be colonized with ESBL-E did not have a prior positive culture for ESBL-E. These data suggest a relatively high rate of ESBL-E colonization in the ambulatory setting and are consistent with reports of the rising incidence of ESBL-E in community-acquired infections [23, 24] . The only variables associated with ESBL-E colonization were Middle Eastern ethnicity and underlying myelodysplastic syndrome or myeloproliferative disorder, and these characteristics were uncommon. Thus, our data suggest that risk stratification for colonization with ESBL-E based on clinical criteria is challenging, and all HSCT recipients would need to be screened for gastrointestinal carriage to reliably identify patients colonized with ESBL-E.
ESBL-E acquisition during the transplant admission occurred in only 3% of patients. Studies of patients in hematology and intensive care units have also demonstrated low rates of inpatient ESBL-E acquisition [18, 25] . Our low rate of ESBL-E acquisition should be interpreted in the context of 2 factors: (1) patients were located in single-occupancy rooms on a dedicated HSCT unit, and (2) patients found to be colonized with ESBL-E were placed on contact precautions. In addition to low rates of ESBL-E acquisition during the transplant admission, the marked genetic heterogeneity among patients who were initially colonized with ESBL-E suggests that these patients did not typically acquire ESBL-E strains from each other during previous hospitalizations.
Our study has several limitations. We do not know if the high rate of ESBL-E bacteremia in colonized patients in this single-center study would apply to other neutropenic patient populations who do not receive a HSCT or to other transplant centers, particularly centers that do not administer fluoroquinolone prophylaxis. Second, the results of the perianal swab cultures were reported to the clinical staff, and thus many patients colonized with ESBL-E were treated empirically with Values expressed are number (% of total).
Abbreviations: ESBL-E, extended-spectrum β-lactamase-producing Enterobacteriaceae; FN, fever and neutropenia. a The denominator for bloodstream infection analyses are the number of patients with FN.
b Viridans group streptococci (VGS) included S. mitis (n = 8), S. oralis (n = 4), S. salivarius (n = 1) and 2 other VGS that were not identified to the species level.
c Coagulase-negative staphylococci were only considered causes of bloodstream infection if recovered from ≥2 sets of blood cultures.
d Other Gram-positive bloodstream isolates were Clostridium innocuum, Peptostreptococcus micros, and methicillin-resistant Staphylococcus aureus (n = 1, for each).
e All of the isolates were ESBL-E.
carbapenems for FN, instead of being treated with our center's typical first-line agent, piperacillin-tazobactam. Thus, nearly all ESBL-E bacteremia episodes occurred during the first episode of fever and neutropenia, prior to the administration of a carbapenem. Third, we did not perform a broth enrichment step when isolating CRO-R-E from perianal swabs, a method that has been found to increase the yield of detecting ESBL-E [26] [27] [28] [29] . Thus, it is possible that the ESBL-E colonization rates were underestimated. However, the direct plating methods used in this study had sufficient sensitivity to distinguish patients who were at high risk of ESBL-E bacteremia from those at low risk, presumably because the additional yield of broth enrichment would have only identified patients with a low burden of organisms. Fourth, few patients were colonized with AmpC-and carbapenemase-producing Enterobacteriaceae, and thus we had limited ability to estimate the risk of bacteremia in patients colonized with these organisms. Finally, we have not demonstrated in this study that screening for ESBL-E carriage and initiating empirical carbapenem therapy for FN leads to improved clinical outcomes. This potential benefit must be balanced against the potential risks of future selection of carbapenem resistance. However, we believe that our data provide a compelling rationale to initiate a multicenter, interventional trial designed to assess the benefits and risks of a strategy of screening for carriage of levofloxacin-resistant ESBL-E and of individualizing empirical therapy. Our findings have implications for antibacterial prophylaxis and empirical therapy at HSCT centers where ESBL-E are prevalent bloodstream pathogens. We demonstrated that, in the setting of levofloxacin prophylaxis, screening the gastrointestinal tract for colonization with levofloxacin-resistant ESBL-E identifies patients who are at high risk of developing ESBL-E bacteremia during their first episode of FN.
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